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Abstract

We investigate how avenetian blind, a common but opti-
cally-complex fenestration system, contributes to the unreli-
able performance of daylighting control systems. Using afully
instrumented, full-scale testbed facility, we monitored the
daylighting performance of a modified closed-loop proportional
photoelectric control system in a private office over the course
of ayear. Theratio of workplaneilluminance from daylight to
photosensor signal is characterized in terms of solar condition
and venetian blind angle. Variationsin thisratio causes actual
illuminance levelsto be periodically insufficient. Thistype of
characterization can be used by the installer to determine
whether theinitial control adjustments made during commis-
sioning will lead to reliable performance under most daylight
conditions. Commissioning guidelines are given with caution,
based on our observations from this specific case study.

We quantified the effect of variability in this ratio on con-
trol performance. With a middle-of-the-road gain constant,
monitored workplane illuminance levels did not fall below 90%
of the design setpoint for 91% of the year. When discrepan-
cies occurred, differences between the daylight correlation and
measured conditions were the primary cause of insufficient il-
luminance at the workplane. This performance is not appli-
cable to commercially-available closed-loop proportional sys-
tems because 1) typical systems arerarely commissioned prop-
erly upon installation, and 2) off-the-shelf systems combine
the photosensor’ s response to daylight and electric light into
one gain parameter. Even though the prototype system was
subject to the same discrepanciesin the daylight correlation fit
as commercially-available systems, performance was substan-
tialy improved because the prototype was able to separate the
electric lighting contribution to workplane illuminance from
the daylighting contribution, at no added cost. Commission-
ing should accommodate the effect of the fenestration system,
since variations in luminance distributions produced by the
window are the primary cause of unreliable performance.

Introduction

The use of photoelectric or daylighting controls to reduce
electric lighting requirements in proportion to available day-
light hasimmense potential to significantly reduce United States
building energy consumption and demand. Electric lighting
comprises 515,000 GWh or 20% of the nation’ s electricity con-
sumption. Of this, approximately 10-15% is used to light a
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building’ s perimeter zone where daylight is already present.
For daytime-occupied commercial buildings, research projec-
tions show that total electricity and peak demand savings of
20-40% in lighting and its associated cooling energy can be
achieved with the proper use of dimmable daylighting con-
trols throughout the U.S. Even with the availability of more
energy-efficient lamps, electronic ballasts, and alternative con-
trol systems, the potential for this strategy is substantial.

The concept of daylighting has been promoted over the past
few decades but its successful use in buildings has been ac-
complished in alow percentage of buildings. This may be
attributed to awide array of factors from design through occu-
pancy. At present, designers are unable to devote substantial
resources to determine compatibility of various components
(i.e., ballast, photosensors, ballast controllers), while compo-
nent-oriented manufacturers lack the market motivation to make
the system design transparent to designers and installers be-
cause of lack of volume. Component costs remain artificially
high. And like most mechanical systems, the lighting control
system israrely commissioned and checked against a perfor-
mance standard when installed. At the start-up of the building,
the lighting control system may already be inoperative.

A moreinsidious problem isreliability. Early adoption and
subsequent failuresin the field gave this energy-€efficiency strat-
egy abad reputation. The source of the problem resides with
the simplistic design of the daylighting control system itself.
Minimizing the number of sensors reduces equipment cost and
simplifiesinstallation. However, inaccurate information on
actual interior illuminance levels results in unsatisfactory per-
formance. To track both daylight and electric lighting illumi-
nance levels, conventional daylighting control systemsrely on
asingle source of information: a $10 color-corrected photo-
diode, which retails for $80-100 with the appropriate housing
to mount it on the ceiling or walls. Through this sensor, illu-
minance at the work surface isindirectly determined and the
electric lights are proportionately dimmed. Inherently, the sys-
tem isinaccurate, so the design illuminance level is often not
met and the occupant complains or disables the system.

Research solutions have included determining optimal ceil-
ing or wall positions for the photosensor, determining optimal
photosensor shielding configurations from electric lighting and
daylighting sources, and devising more sophisticated control
algorithms to disaggregate the predictable electric lighting il-
luminance contribution from the complex daylight illuminance
contribution. Inthefield, installers calibrate the systems con-
servatively to avoid performance problems, but the energy-ef-
ficiency potential is severely undermined.



In this research, we investigate how a venetian blind, a com-
mon but optically-complex fenestration system, affects the
performance of daylighting control systems. Using afully in-
strumented, full-scale testbed facility, we monitored the
daylighting performance of a modified closed-loop proportional
photoel ectric control system in a private office over the course
of ayear. Theratio of workplaneilluminance from daylight to
photosensor signal is characterized in terms of solar condition
and venetian blind angle. Thistype of characterization can be
used by the installer to determine whether the initial control
adjustments made during commissioning will lead to reliable
performance under most daylight conditions. Commissioning
guidelines are given with caution based on our observations
from this specific case study.

Background
A typical dimmable daylighting control system is designed

to dim the electric lighting system at the perimeter zone near
windows, skylights or other fenestration aperturesin response
to available daylight, and by doing so a) meets or exceeds the
design task illuminance level and b) reduces the energy re-
quirements of the electric lighting system.

In asidelit window office, a photosensor is typically
mounted on the underside of the ceiling to indirectly deter-
mine the illuminance level at the task workplane. The
photosensor is often shielded from stray light from the win-
dow, electric lights, and ground-reflected light to better track
interior illuminance levels. The photosensor signal is processed
through a ballast controller or its own built-in electronics, which
then sends a dimming control voltage to the electronic bal-
lasts. The ballasts reduce power to the fluorescent lamps and
the electric lighting illuminance reduces accordingly.

There are three basic control algorithms that are used to
convert the photosensor signal to the required dimming volt-
age power. These are explained in detail in Rubinstein et al.
1989:

» 3) closed-loop integral reset systems adjust the electric light
output to keep the photosensor signal at a constant level;

* b) open-loop proportional control systems by definition do
not “see” the electric lighting output; the systems simply
adjust light output as alinear function of impinging day-
light on the photosensor; and

» ) closed-loop proportional control systems adjust the elec-
tric light output as a linear function of the difference be-
tween the photosensor signal and the maximum electric
lighting nighttime photosensor signal.

The closed-loop proportional algorithm (c) offers the most
adjustments to the user and accommodates to some degree the
different response characteristics of the photosensor to day-
light versus electric light. We used a modified version of this
algorithm in our tests. Therefore, we focus our study on this
algorithm. During the commissioning phase, the electric light-
ing “offset”, or photosensor response to the electric lighting
output at full power, isset at night. The“gain”, or the dlope of

the linear function defining photosensor signal to ballast dim-
ming control voltage, is set once during the day with the lights
on under typical daylight conditions. The offset is stable over
time, subject to degradation due to lumen and dirt deprecia-
tion, or to changes within the office (e.g., furniture rearrange-
ment, wall or floor interior finishes). The gainis susceptible to
variation with temporal and seasonal changesin daylight con-
ditions within the room and is thus the focus of much research.

Rubinstein et a. (1989) completed a comprehensive analy-
sis of daylight control systems using reduced-scale field tests,
where the effects of photosensor configurations, control algo-
rithms, window orientation, and venetian blind angle on illu-
minance and energy performance were studied. In thiswork,
they noted that the correlation between the photosensor signal
and the measured daylight workplane illuminance varied with
venetian blind angle.

Mistrick and Thongtipaya (1997) built on this work using
the RADIANCE lighting simulation tool to determine
photosensor locations that would produce the best correlation
to workplane illuminance level. A venetian blind was mod-
eled, but its effects on performance were not directly studied
in detail. Other case study building demonstrations have also
identified variability of performance associated with the fen-
estration system, but have not directly studied its effects
(Schrum et al. 1996, Benton et al. 1990).

The cause of scatter in the ratio of workplane illuminance
to photosensor was attributed to a) the spatia response charac-
teristics of the photocell, b) the location of the photosensor,
and c) the differences in luminance distribution within the room
produced by varying solar and fenestration conditions. Given
practical limits on time and access to data during commission-
ing, the solutions proposed by Rubinstein and Mistrick were
to determine optimum sensor |ocations and sensor shielding
designs that would produce the least data scatter under chang-
ing daylight conditions. Thisreduction in scatter would yield
more consistent control performance year round.

We approach the problem from the fenestration perspec-
tive. Using monitored data gathered in a full-scale private of-
fice, we examine and characterize how the photosensor’s re-
sponse fluctuates under varying solar positions, sky conditions,
and venetian blind angles. We also provide examples of con-
trol performance and summary statistics on workplane illumi-
nance levels over the course of ayear to clarify the conse-
quences of an improperly commissioned daylighting control
system. By doing so, we gain an understanding of how and
when to commission a system (e.g., sunny or diffuse daylight,
horizontal or closed blind) to achieve more reliable and appro-
priate dimming of the electric lighting system.

Method

The Oakland Federal Building testbed demonstration fa-
cility consisted of two full-scale, side-by-side, 3.71 m wide by
4.57 m deep by 2.68 m high (12.17 x 15 x 8.81 ft) rooms that
were furnished with nearly identical building materials and



These obstructions did not cause direct solar shading
of the test room after 7:45 (standard time) from the
spring to autumnal equinox.

Window System
The existing window system consisted of 6 mm
(0.25in), single-pane, green-tinted glass (Tv=0.75) with
acustom aluminum frame. The overall window open-
ing was 3.71 m (12.17 ft) wide and 2.74 m (9 ft) high,
consisting of five divided lights ranging in width from
0.61-0.67 m (2.02-2.19 ft). The transparent glass area
was 7.5 m? (80.8 ft2). The window was recessed 0.43
m (1.4 ft) from the face of the building and had 0.13 m
(5in) deep interior and 0.03 m (1 in) deep exterior
mullions.
6th floor A 0.127 m (0.5 in) wide, curved dlat, semi-specular
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Figure 1—Floor plan and section view of full-scale test room.
Photosensor’s field-of-view shown on diagram.
Monitored data: 1-10 horizontal illuminance (Ix), 11-12 vertical illu-
minance (1x), 13 shielded window illuminance (Ix), 14 photosensor
signal (V), 15 shielded window illuminance (Ix), 16 ceiling illumi-
nance (Ix), 17 photodiode signal (light unobstructed by venetian blind).
Average surface reflectances: floor 0.17, walls 0.88, ceiling 0.88, desk
0.05, bookcase 0.06, credenza 0.05, door 0.19, blinds ~0.78.

furniture to imitate acommercia office-like environment (Fig-
ures 1-2). Both test rooms were built in the southeast corner
of alarger unconditioned, unfinished space (213 m2, 2300 ft2)
on thefifth floor of an 18-story tower. All datareported here
are given for the same room, Room A. The building was lo-
cated at latitude 37°4' N, longitude 122°1' W. The testbed win-
dow faced 62.6° east of true south. The window’s view was
obstructed by five- to eight-story buildings one city block away
and by severa 24-story buildings three to six city blocks away.

+3537m \white aluminum venetian blind was fitted in a white

painted wood frame and placed in each of the five di-
vided lights, 0.127 m (0.5 in) away from the interior
face of the existing glazing system. The blind was
tensioned across the full vertical height of the window
and was not retractable, only the angle of the dats could
be altered. A small, direct-current motor drive at the
base of each window blind was used to ater blind angle
in synchronization with the lighting controls via Na-
tional Instruments LabView computer control.

For some tests, blind movement was automated
throughout the day to block direct sun, optimize
workplane illuminance with daylight, and provide maxi-
mum view.1 Thefive sets of blinds were synchronized
to provide the same angle, where the blind angle was
defined by the vertical angle from a horizontal plane.
A tilt angle, &, of 0° corresponded to horizontal, aftilt
angle of 15° corresponded to a downward angle with a

| ¢y Sth floor view of the ground from theinterior, and atilt angle of
29.27m

-15° corresponded to an upward angle with a view of
the sky from the interior. A 60” angle corresponds to the slats
just touching, and 68° corresponds to the slats being squeezed
to the mechanical limit of the system (daylight still admitted).
The accuracy of blind positioning was subject to the relation-
ship of individual slats to the string ladder upon which they
rest. On occasion, slats may be caught on the string ladders.
However, additional movement of the blind system tended to
correct this problem within 1-5 min.

Lighting System

Two pendant indirect-direct (~95%, 5%) fixtures
(LiteControl “Classica’) with four T8 32W lamps, continuous
dimmable ballasts (Motorola Helios M2-RN-T8-10C-277), and
ashielded photosensor (Lightolier Photoset) were used in each
room. Thetwo fixtures were placed aong the centerline of the
window with the first fixture spaced 0.61 m (2 ft) from the
window wall and the second spaced 0.86 m (2.82 ft) apart.

! Thisresearchis part of alarger study to develop adynamic venetian
blind and lighting system (Lee et al. 1998a).



Figure 2—Interior view of testbed

The fixtures were suspended 0.46 m (1.5 ft) from the ceiling at
aheight of 2.20 m (7.21 ft) above finished floor. Theindirect/
direct lighting system was selected for itsimproved lighting
quality. The mgjority of the light (95%) was reflected up by a
half-elliptical reflector; the remaining was allowed to filter
through a grid of small dot perforationsin the reflector. De-
sign calculations using the ConTroLITE™ program estimated
500 Ix beneath the fixtures and 350 Ix at the farthest corners of
theroom. Measured workplane illuminance levels at the back
area of the room were 540 Ix after six months of operation.

The photosensor was centered on the end of the second light
fixture and flush with the bottom of the fixture, 2.08 m (6.8 ft)
from the window wall, 2.16 m (7.08 ft) above the finished floor.
The downward-facing, shielded photosensor sends out alin-
early proportional signal in response to the “illuminance” level
within itsfield of view. The response of the sensor is subject
to the spatial distributions of light (side versus overhead), tem-
perature, and intermittent obstructions (e.g., person standing
directly under it). The photosensor was composed of an ir-
regularly-shaped rectangular, white plastic housing that shielded
a color-corrected photodiode placed on ablack plastic field.
The photodiode’ s field-of-view (shown in Figur e 1) had a cut-
off angle (100% occluded) of 46° in the direction of the rear
wall and window and 56" in the direction of the two side walls.
A 0-10V signal corresponded to ~0-2000 Ix under variable
daylight conditions. A 0-0.9 V signal corresponded to ~0-500
Ix under variable electric lighting conditions.

The ballasts were rated to produce 10% light output for a
minimum power input of 33%. Lighting power density was
14.53 W/m? (1.35 WIft2). Thelighting was dimmed asasingle-
zone system. The lighting system was designed to supplement
daylight, if available, and to provide an average design illumi-
nance of 510 Ix at the horizontal workplane area towards the
rear of the room. Thelighting control system wasinstalled and
commissioned with a prototype ballast controller so that there
was a proportional and instantaneous response to available
daylight every 30 sec.

Monitored Data

[1luminance measurements and lighting and envelope sta-
tus data were sampled and recorded every minute from 7:00-
19:00 (standard time) from June 1996 through August 1997
using the National Instruments LabView data acquisition sys-
tem. Illuminance measurements were taken at a workplane
height of 0.76 m (2.5 ft) in a2 by 5 array of Li-Cor sensors
(Figure 1). Li-Corshave an accuracy of 1% of reading for the
range of 500-100,000 Ix and 3% at ~100 Ix. Illuminance mea-
surements were also taken on the side walls at eye level (1.22
m, 4 ft) and on the ceiling near the window, centered above the
light fixture. A shielded Li-Cor sensor was placed on the rear
wall at eye level to monitor window luminance. Information
pertaining to the status of the venetian blind and lighting con-
trols system were also monitored; the photosensor signal to
within £0.0025 V and the venetian blind angle to within +3°.
Because this facility wasingtalled in acommercid office build-
ing in abuilt-up urban area, alimited number of external con-
ditions were measured. A datalogging station located on the
roof of afive-story adjacent building wing monitored global
and diffuse horizontal exterior illuminance, horizontal global
solar radiation, and outdoor dry-bulb temperature (shielded
from solar radiation). Exterior illuminance measurements were
made with a Li-Cor with afull hemispherical view and a sec-
ond Li-Cor shielded by a shadowband, which was adjusted as
necessary every threeto five days. Weather data were sampled
and recorded every 1 min by a CR10 datalogger.

Experimental Procedure

The primary objective of the full-scale field test was to fur-
ther develop a prototype automated venetian blind and light-
ing system design and to evaluate its performance (Lee et al.
1998a& b). Tests were conducted to @) monitor energy perfor-
mance, b) verify control system performance, ¢) assess human
factors associated with this system, and d) iteratively refine
the control system algorithms and hardware operations accord-
ing to observationsin the field. Assuch, datato characterize
the daylighting control system’s behavior relative to the fenes-
tration system are limited. Special tests were conducted peri-
odically throughout the year. Post-processing scripts were also
written to pull out applicable data from all data collected.

Analytical Method

Correlations determine how reliably the system meets con-
trol objectives. If there is one-to-one correlation between a
sensor input signal and the desired variable (e.g., workplane
illuminance), then one can achieve perfect control. However,
correlations are subject to change with interior and exterior
conditions, such as daily and seasonal changes in solar posi-
tion, or changes in furnishings or paint color. Simple linear
correlations are typically used to describe the control system
to minimize requirements for instrumentation, time, and in-
staller expertise. When commissioning, the installer allots a
brief period to calibrate each lighting zone, but can alter the
fenestration system (e.g., blinds open or closed) or set the off-
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Figure 3—Correlation between photosensor signal and measured
workplaneilluminance after one year of operation

set and gain more or less conservatively depending on the par-
ticular conditions for that hour.

In this research, the electronic controls “offset” and “gain”
parameters of the closed-loop proportional control systems,
described in the Background section above, were reduced to
more fundamental correlations to clarify how external factors
contribute to variability in the control system’s performance.
The photosensor response to electric lighting can be described
with alinear correlation between the dectric lighting workplane
illuminance and the photosensor signal, and a quadratic corre-
lation between electric lighting workplane illuminance and the
dectric lighting power consumption. The photosensor response
to daylight can be described with alinear correlation between
workplane illuminance from daylight and the photosensor sig-
nal.

The electric lighting correlations were made at night at the
outset of the experiment then checked quarterly over the course
of the 14-month experiment (Figures 3 and 4). The average
workplane illuminance was measured by four sensors located
2.44 and 3.35 m (8 and 11 ft) from the window wall and +0.74
m (2.42 ft) from the centerline of the window.2 Both electric
lighting correlations were found to be well characterized
(r?=0.999) and stable over the course of the experiment, sub-
ject only to lamp warm-up after a cold start and by dirt and
lumen depreciation. The interior surface reflectances were not
changed and the fixtures were not cleaned over thistime. Af-
ter 12 months of operation, the first correlation conservatively
underestimated the workplane illuminance by -2 to -35 Ix over
the full photosensor signal range, while the second correlation
predicted the workplane illuminance to within -5 to 30 Ix over

2 The average workplane illuminance within this area will
hereafter ssimply be referred to as the “workplane illuminance.”
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tion and measur ed wor kplaneilluminance after one year of op-
eration

the full fluorescent power range with adequate lamp warm-up.
More details are given in the Appendix.

Thethird linear correlation with daylight was not as well
behaved and is the focus of this research. The control system
was commissioned at the outset of the experiment over the
course of aweek, then the correlation coefficient, M¢;1=197.18
IX/V (r2=0.982), was set and used for the duration of the tests.
Figure5 showsthisfit, where the blind was set to afixed angle
or was varied over afull day. Note the scatter in the data,
producing a difference between the measured and predicted
workplane illuminance of up to -121 Ix (24%) in the 0-510 Ix
design workplane illuminance control range.

The three correlations were described with the equations
below:

Efluor (IX) = (5451x/V) * Stiyor S=0-10V 1)
Eﬂuor (|X) = 0.001865* p2 +
2.3536*p —167.679 90<p£270 W 2
= 591Ix 60<p£90 W
= 0lx pPEGOW
Edayit (IX) = (197.181x/V) * Sgayit S=0-10V 3
where,

E isaverage workplane illuminance (Ix) and Sis the photosensor
signal (Volts) from either fluorescent lighting or daylight, and
p is fluorescent power in Watts.

Monitored M data (the ratio of measured workplane illu-
minance to photosensor signal for any given instant in time)
are compared to this Mgj; value in the following results. If M
is greater than M ¢jt, then the actual workplane illuminance is
greater than the predicted workplane illuminance. Lighting
levels that are greater than the design workplane illuminance
level are tolerated by the occupant unless there is glare or di-
rect sun, in which case the occupant may choose to close the
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Figure 5—Correlation between photosensor signal and measur -
ed daylight workplane illuminance with various blind angles

shading device. If M islessthan Myit, then the actual workplane
illuminance is less than the predicted workplane illuminance.
Here, the daylighting control system is providing insufficient
fluorescent lighting, which may not be tolerated by the occu-
pant. The occupant can choose to turn on task lighting or other
sources of light if available, or if sufficiently annoyed, disable
the daylighting control system by taping over sensors, etc. This
source of unreliability has been the historic problem with
daylighting controls.

Results

To illustrate the nature of the problem, we show how the
monitored slope, M, varies over the course of a clear sunny
day with the automated blind (Figure 6). With the deviation
of M from thefitted dope, My;1=197 Ix/V, we see that the mea
sured workplane illuminance from daylight and electric light-
ing was less than the predicted workplane illuminance3 from
12:00 to 18:00 with the maximum deviation of 191 Ix (M=173
IX/V) or 37% occurring at 14:05. This deviation would prob-
ably cause occupants to complain about insufficient illuminance
(350-410 Ix) or a“gloomy” lighting atmosphere.

M vs. Time of day

For agiven fixed blind angle, M varies with solar condi-
tions, time of day, and season (Figure 7). We show M asa
function of time of day for typical clear summer solstice and
autumnal equinox days and for four fixed blind angles (a =-
15" (autumn only), 0° (summer only), 15°, 45°). The solar azi-
® For clarity, Emeasured=M* Sd and Epredicted =Mfit* Sd, where E
isthe measured or predicted average daylight workplane illuminance
at therear of the test room, M isthe actual or filled (predicted) ratio of

workplane illuminance to photosensor signal (Volts), and Sy is the
photosensor signal from daylight.

muth, altitude, and ratio of global horizontal to diffuse hori-
zontal exterior illuminance (Eg|o/Egif) are given for reference.
Data for periods when the photosensor signal exceeded its
maximum range of 10 V were excluded. Severa observations
can be made with these limited data:

1) If direct sun or strong diffuse daylight was present in the
space, the sensitivity range of the photosensor was exceeded
(>10 V) or M (=450-650 Ix/V) was significantly higher than
Mj#it, SO that Mijt was a poor indicator of the actual workplane
illuminance. For example, thisis shown in Figure 7d from
8:00t0 9:30 and in Figure 7f from 8:00 to 11:00.

2) When the sun was in the plane of the window, M de-
creased from a high to alow value as the sun transitioned to
out of the plane of the window. This pattern of variation ap-
peared to be similar between the four blind angles and occurred
in both summer and autumn. The partly closed 45° blind pro-
duced the least variation in M over the course of the morning
period from 7:00 to 12:00 (£2 Ix/V summer, £9 Ix/V equinox),
the horizontal 0° blind produced moderate variation (+8 Ix/V
summer), and the 15° and -15° blind produced the greatest varia-
tion (14 Ix/V summer and +56 Ix/V equinox for +15° blind;
+41 Ix/V equinox for -15° blind).

3) When the sun was out of the plane of the window, the
pattern of M variation was less consistent over the course of
the afternoon (12:00-18:00) and between blind angles. M ex-
hibited a sharp increase in value as diffuse illuminance levels
decreased in the late summer and autumn afternoons (17:00-
19:00). Of al four fixed blind angles, the variation of M over
the afternoon period was the greatest with the -15° blind (+23
Ix/V equinox). All other days and blind angles produced a
standard deviation of lessthan +17 Ix/V.

4) M tended to be lower overall in value in the summer
than in the winter for the same hour. With the 45° and 15°
blind angles, the shape of the variation over the course of the
day was approximately the same in the summer and the fall.
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facing private office in Oakland, California.
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Seasonal data was not available for 0° and -15° blind angles.
5) Partly cloudy conditions as indicated by variationsin
Eglo/Edif did not necessarily cause minute-to-minute variabil-
ity inM. Asreference, when Ego/Egif is greater than 1.5-2.0,
direct sunis strong enough to cause distinct-edged shadows.

M vs. Blind angle

We show how the blind angle affects M for fixed solar po-
sitionsin Figure 8. The “fixed” solar position was defined
over a30 min period. Datafor periods when the photosensor
signal exceeded its maximum range of 10 V were excluded.
With these data, we note that M varieswith blind tilt anglein a
fairly consistent pattern, whether the sunisin or out of the
plane of the window or under sunny or cloudy conditions. M
decreases from a high value at 4=60° to its lowest value at
4=20-45’, then increases to a high value again. The blind angle
range corresponding to this second high value depends on
whether the lighting condition is direct or diffuse. A direct
lighting condition occurs when it is a clear sunny day and the
sun isinthe plane of thewindow. A diffuse lighting condition

occurs when the sun is out of the plane of the window or when
the sky condition is cloudy. For direct light, the second high
value occurs withina =+10" to -10°. For diffuse light, the sec-
ond high value occurs between 4=-30°" to -50°. The average
difference between the maximum and minimum value of M
over the range of blind angles was 70 Ix/V with diffuse sun
summer conditions while a smaller difference of 40 Ix/V oc-
curs when the sun isin the plane of the window. Inthe winter,
the average difference is 40-60 Ix/V, given these limited data.

Annual Data

To substantiate the above observations made from single-
day datasets, we analyzed all data collected over the year for
periods when the fluorescent lights were off. These datawere
binned by blind angle, sunny or cloudy conditions (Eg)o/Egif>2
is sunny), season (defined by the solstice or equinox £1.5
months), and whether the sun was in or out of the plane of this
southeast-facing window. Summary statisticsaregiveninTable
1. The datareflect test conditions when the photosensor signal
was within 0.05-10.0 V and when solar data were available.
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These more comprehensive data support the observations
made above. With one exception, the M averaged data for
summer were less than winter values for all binned conditions.
With five exceptions (out of 52 conditions), average M data
for the March 21 season were greater than September 21 sea-
son data. Exceedingly low M values (M=2.6-8.2 Ix/V) oc-
curred at sunrise or sunset when the photosensor signal and
illuminance levels were low. Consistently low M minimum
values (130-165 Ix/V) occurred throughout the year during
sunny conditions, when the sun was out of the window plane,
and the blind was positioned between 5-35°. The previous
trends of M variation with blind angle from high to low to high
again were generally supported with the M average data for
both cloudy and sunny conditions, as shown in Figure 9.

Cause of M Variation

Insufficient data were collected to determine definitively
the underlying cause of variationsin M. At best, we could
establish only weak links between the room’ s luminance pat-
tern, indicated by 12 discrete illuminance measurements, and
the photosensor signal. Solar position, sky conditions, exte-
rior surroundings (obstructing buildings, ground conditions,
etc.), window geometry, blind angle, and the interior charac-
teristics and geometry of the room affect the spatial distribu-
tion of daylight within the room interior. The luminance pat-
tern seen within the photosensor’s field of view produces an
aggregate voltage reading that is proportional to the
photosensor’s bi-directional response characteristics.4 This
single aggregate reading obscures the complexity of the daylit
environment. We present the following generalizations, there-
fore, with caution:



Table 1—Ratio of workplane illuminance to photosensor signal, M (Ix/V), for all data collected over the year

Eglo/Edif£2 (cloudy or overcast) Eglo/Edif>2 (sunny)——
blind season sun n M M M M M M M M
angle @window average std.dev min max n average std.dev min max
-5t00" Dec2l in 76 2255 9.0 212.4 272.6

Mar2l in 294 2320 16.3 209.7 288.2 44 226.9 332 203.4 366.6

Jun21l in 38 209.7 2.6 202.5 2129

Sep2l  in 132 2121 4.4 203.5 231.2 261 2144 70 189.3 2254

Dec21 out 69 2171 30.5 *2.6 252.8 56 1996 110 1745 2235

Mar2l out 471 2295 17.6 197.1 366.2 712 2071 116 179.1  255.2

Jun2l  out 92 209.2 35 198.0 216.0 326 1969 229 1471 4355

Sep2l  out 322 2123 9.3 189.6 280.5 764 1969 185 161.0 3331
0-5° Dec2l in 61 228.6 14.7 208.5 285.9

Mar21 in 53 227.8 17.3 210.8 274.2 8 2297 175 2082 2510

Jun2l in 10 212.6 18 209.3 214.6
Sep21  in 61 217.9 8.3 204.5 239.0
Dec21 out 60 208.5 11.2 187.7 252.6 17 1870 142 170.7 2172
Mar21 out 87 2111 6.5 200.0 226.6 54 1942 10.7 1708 219.0
Jun2l  out 10 193.9 17 192.3 198.5 50 1717 40 165.7 1940

Sep2l  out 2 203.7 12.9 194.6 212.8 65 1774 16.7 1452  238.9
5-10° Dec2l in 35 219.1 121 202.0 266.7
Mar2l in 38 237.3 44.6 2069  408.8 2 2219 82 2161 227.7

Jun2l in 65 2127 6.6 206.7 229.8
Sep21  in 38 216.9 9.9 204.7 232.7
Dec21 out 46 210.1 7.8 197.3 249.8 17 1709 464 *8.2 215.8
Mar21 out 55 206.9 12.8 168.3 265.5 76 1876 118 1674 2221
Jun2l  out 35 1677 53 163.3 1875

Sep2l  out 2 1872 353 162.2 212.1 92 1677 98 1334  209.7
10-15° Dec21l in 63 2225 116 2071 265.2

Mar2l in 148 2231 9.6 194.3 257.3 491 2190 120 1946 2924
Jun2l in 146 201.2 8.1 188.4 225.0 752 2014 118 1748 2250
Sep21  in 27 2125 12.0 199.5 239.2

Dec21 out 60 2074 94 192.2 251.8 58 1784 125 1588 2164
Mar2l out 141 205.7 124 184.1 300.6 761 1883 142 1605 2454
Jun2l out 365 1953 7.0 180.0 231.7 1263 1771 150 156.0 250.8
Sep2l  out 32 207.1 2.5 200.1 210.9 107 1749 377 1304 3784

15-20° Dec2l in 434 2238 44 208.5 236.5 167 2293 51 2159  250.8
Mar2l in 35 219.3 20.8 200.6 3285 3 2102 88 2000 2156
Jun2l in 10 207.4 24 204.5 211.2 3 1709 0.6 1703 1715
Sep2l  in 90 220.3 18.1 194.3 279.9 696 2125 14.2 1950 3299
Dec21 out 1757 224.8 127 1954 287.9 251 1918 161 1595 2234
Mar2l out 28 194.1 7.7 182.2 211.2 171 1777 9.6 160.1 2129
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Jun2l  out 411 1654 53 1553 1834
Sep2l out 469 226.9 20.2 1719 3484 1580 1905 235 1285 3854

20-25° Dec2l in 18 217.6 6.6 206.0 224.9
Mar21 in 36 212.4 10.1 191.5 2353 7 2060 90 1942 2194
Jun2l in 25 203.7 34 197.9 210.0 7 1770 113 1720  202.6
Sep2l  in 24 210.7 3.0 202.8 214.7 2 1924 71 187.4 1974
Dec21 out 22 203.7 56 184.5 210.2 195 1836 7.3 1631  206.9
Mar21l out 46 194.8 9.9 167.8 221.2 452 1800 6.7 1585 2075
Jun2l  out 165 1678 3.2 160.6  180.6
Sep2l  out 3 210.9 16 209.3 212.4 1243 1672 7.2 1334  226.3
25-30° Dec2l in 14 213.7 52 207.2 228.3
Mar21 in 35 2104 91 194.1 2391 11 2113 265 1843 267.6
Jun2l in 6 196.1 0.8 194.6 196.7 10 1752 12 1728 1771
Sep21  in 13 195.6 4.2 191.6 208.2
Dec21 out 40 2034 7.8 164.3 213.6 166 1877 7.6 1739 2111
Mar21 out 39 200.8 15.2 183.6 2575 308 1823 69 1643 2194
Jun2l  out 104 1714 35 1658 180.6
Sep2l  out 5 187.5 17.7 166.2 209.6 473 1747 6.2 1514  207.0

Table 1—Ratio of workplane illuminance to photosensor signal, M (Ix/V),

for al data collected over the year (continued)

Eglo/Edif£2 (cloudy or overcast)}——

Eglo/Edif>2 (sunny)——
blind season sun n M M M M M M M M
angle @window average std.dev min max n average std.dev min max
30-35° Dec2l in 31 2098 46 203.0 2221
Mar2l in 35 2079 58 1969 2278 11 2044 6.0 1958 2136
Jun2l in 19 1870 7.0 1729  203.7 36 1832 1238 176.7 2518
Sep21l  in 53 196.7 56 1762  207.0 11 2025 191 190.7 255.9
Dec21 out 31 2057 32 1952 2108 324 1925 55 1796 2111
Mar21 out 34 2004 60 189.9 2081 389 1875 52 1723 2203
Jun21l  out 263 1768 3.8 1613 1901
Sep21  out 487 179.6 5.2 153.4 195.7
3540° Dec2l in 119 2138 49 1974 2318 139 2145 22 1988 2177
Mar21 in 53 2120 57 1995  229.7 142 2102 7.6 1944 2712
Jun2l in 18 1926 26 186.1 1954 60 1911 83 1819 2075
Sep21  in 30 1951 21 1905 2019 9 1961 35 1901 2015

Dec21 out 436 216.8 12.2 188.4  290.81 858 2028 9.0 1819  226.9
Mar21l out 23 2053 80 1879 2241 713 1963 59 1801 221.3



1) Although the photosensor signal curve has roughly the
same shape as the average workplane illuminance curve as blind
angleisvaried, differencesin M appeared to be caused by shifts
in the photosensor’ s response to different daylight patterns
(Figure 10).5 For example at 15:00, the blind angle of 34° and
-53° produced the same photosensor signal of ~1.1 V but the
measured workplane illuminance was 181 and 260 Ix respec-
tively, resulting in M vaues of 160 and 244 |x/V—a difference
of 20% from Mgjt=197.

2) If the photosensor’ sfield of view isinfluenced by asym-
metric front-to-back or side-to-side luminance patterns, then
the average workplane illuminance, used to determine M,
would be a poor indicator of actual illuminance levels. For
example, M would be less for asymmetric versus uniform day-
light luminance patterns, if the photosensor response is greater
with an asymmetric distribution. For a 3:1 illuminance distri-
bution from the front to the back of the room, we found that M
valueswerein fact less than that for uniform illuminance dis-
tributions. When the sun was normal to the plane of the win-
dow at 11:00 on a clear sunny day (June 19) and there was a
3:1illuminanceratio (&= -20to0 -60°), M ranged from 188 to
209 Ix/V, whereas for more uniform diffuse lighting conditions
at 15:00 and the samed , M ranged from 243 to 258 Ix/V (~65
IX/V grester range).

For side-to-side luminance distributions, one would again
expect M values to be less for strong side-to-side luminance
patterns compared to uniform patterns. When the sun wasin
the plane of the window and at a oblique angle at 9:00 and the
west sidewall illuminance was greater or equal to the average
workplane illuminance (&= 35° to -10°), M ranged from 210
to 240 Ix/V, whereas for diffuse lighting conditions at 15:00
and the same &, M ranged from 160 to 230 Ix/V (overlapping
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* wewould expect the photodiode to respond proportionately to
impinging visible daylight assuming proper filtering to correct its
response photometrically. For this photosensor design, we estimate
a10-20% error from ideal photometrically-corrected instruments
(e.g., the carefully-calibrated Li-Cor sensors, used to measure the
average workplane illuminance, are significantly more accurate
than this photodiode). We would also expect the proportional
response to be linear acrossits full operational range. The
photosensors’ photodiode responseis very linear over the 0-10 V
range (we installed an amplifier to convert the microamp signal to
0-10V). The data collection system may introduce small errors at
very low signal levels (£0.0025 V); e.g., 10% if the signal is 0.025
V. With the multi-tasking WINDOWS NT environment, the
photosensor signal and the workplane illuminance data may be
recorded within 5 sec of each other at worst case. This may
introduce error under quickly changing sky conditions.

® Thefloor, which predominates the photosensor’ s field of view,
has an average surface reflectance of 0.17. The side and rear walls
have an average surface reflectance of 0.88. The sidewall
illuminance sensors were 0.09 m (3.6 in) above the photosensor’s
field of view. Photosensor signal error may be introduced by the
sensor’ s shield. While the photodiode itself is placed on a black
field, the surrounding plastic shield is white (with the photodiode
recessed ~1.27 cm (0.5 in) from the bottom edge of the shield),
which increases the photosensor’s actual field-of-view. The
photosensor’ s field of view is described in the Method section and
isdiagrammed in Figure 1.
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but lower range).

3) Nearly closed, downward blind angles (& =60-50) dif-
fused ground-reflected daylight to the ceiling and diminished
the strong asymmetric distribution of daylight from the front
to rear areas of the office. The greater M valuesfor thisrange
of blind angles may correspond to the more uniform balance in
luminance levels across al surfaces seen by the photosensor.

4) Partly open blind angles (& =20-40°) reflect daylight
from direct sun upwards or horizontally toward the back wall
and ceiling, creating stronger luminance levels on the wall sur-
faces versus the floor. The lower M values for this range of
blind angles may correspond to the higher proportion of lumi-
nance coming from side and back wall surfaces.

5) Upward tilted blind angles illuminates the floor plane
with daylight from the direct view of the sky (&2 =10° to -10")
or from diffused direct sunlight (& =-20" to -60°). The greater
M values again correspond to the proportiona luminance from
the floor plane.

M vs. Control system performance

Using data gathered from June 1996 through August 1997
with automated blind operation, we determined the conse-
guences of thisvariation in M on the daylighting control sys-
tem performance. The monitored data reflects the combined
performance of the prototype electric and daylighting control
system. Three correlations (described by equations 1-3) con-
tributed to error in meeting the design workplane illuminance.
Thetwo lighting correlations, described in the section “Ana-
Iytical Method,” introduced minimal error over the course of a
year' s operation: on average -17.6x10.2 Ix for equation (1) and
5.5+7.0 Ix for equation (2). Lamp warm-up contributed to a
maximum error of -10 Ix, if the power was switched from 0%
to 30% with cold lamps and was monitored within 5 min of
start-up. Thisdid occur throughout the day, since the control
system shut lights off after a 10-min delay if sufficient day-
light was available. For each day, atally was made of the
number of minutes between the period of 7:00-19:00 (12 hr)
when the measured workplane illuminance was lower than the
design [luminance setpoint with electric lights and daylight.
For this subset of data, we also computed the average workplane
illuminance® from daylight and fluorescent lighting.

When Egesign (=510 Ix) was not met, the average workplane
illuminance was within 10% of Egesign (459-510 Ix) for 91%
of the year represented by 147 monitored days (Figure 11).
The average workplane illuminance was less than 459 Ix, an
average of 13 min per day, with amaximum of 139 min occur-
ring on apartly cloudy day. For most cases, the daylight corre-
lation (M<Mj¢it) was the primary cause of insufficient illumi-
nance at the workplane. Thiswasillustrated in the worst case
example above (see Figure 6) when Egesign Was not met for
60% of the day, and measured total workplaneilluminance lev-

® Notethisisthe average of the subset of workplane illuminance
data when the design workplane illuminance was not met. The
workplane illuminance data are the average workplane illuminance
measured by four illuminance sensors.
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elsfell to aslow as 350-410 Ix from 13:45-14:15 when 4=0-
22°. Lamp warm-up did not contribute substantially to insuffi-
cient illuminance (<10 Ix) when the electric lights were switched
on at 14:15 after being turned off since 8:00. Decreasing Myt
to amore conservative value would improve the control per-
formance but would also increase energy consumption.

This generdly “good” control performance is unfortunately
not applicable to commercially-available daylighting control
systems. This prototype system is substantially better because
the system was properly commissioned and because commer-
cialy-available closed-loop proportional control systemsconm+
bine the slopes from the electric lighting and daylighting cor-
relationsinto asingle “gain” parameter, forcing interdepen-
dency between two distinctly different relationships. Because
the slope from daylight (Myjt=197 Ix/V) is substantially lower
than the slope from fluorescent lighting (Mjyor=545 IX/V from
equation 1), the commercially-available control system must
have reduced sensitivity to compensate for these gain differ-
ences. The more the sensitivity is decreased to obtain good
daylighting performance, the less accurate the control will be
for electric lighting changes.

As suggested in Rubinstein et al. 1989, commercialy-avail-
able photoel ectric control systems can be designed to “know
the difference” between electric light and daylight by using
separate photocel ls to determine the instantaneous electric light
output and by using a sensor that detects input power to the
electric lighting system. The prototype system we have de-
signed in this research achieves this disaggregation between
the daylight and electric lighting contributions to the workplane
illuminance without added cost to conventional commercially-
available systems and without added sensors. We intend to
approach lighting control manufacturers to determine their level
of interest in our design. If implemented, reliability in conven-
tiona daylighting control systems could be increased substan-
tialy.



Commissioning Guidelines

For real-world applications, the person commissioning a
closed-loop proportional system typically has one opportunity
over ashort period (10-30 min) to commission the daylighting
control system during the day (night commissioning of the elec-
tric lighting system is aso required). Commissioningis con-
ducted after the lighting control system has been installed and
should be done after furnishings arein place. It is assumed
that before commissioning, the designer has selected a photo-
electric sensor that has been designed properly by the manu-
facturer to produce a proportional response to illuminance
changes at the workplane, that the correct sensitivity range has
been specified for a particular application (i.e., the range of the
photosensor response corresponds to the illuminance range
within the lighting zone), that the installer has placed the sen-
sor above an areathat is representative of most task locations
(e.g., two-thirds towards the back of the room) and that the
sensor’ s field of view has been restricted from direct light from
the window, electric lights, and ground-reflected light. These
assumptions are non-trivial and have been addressed in other
research (e.g., Mistrick and Thongtipaya 1997, Benton et al.
1990, Floyd and Parker 1995).

The goa of commissioning is to find a middle-of-the-road
gain adjustment that achieves dimming of the electric lighting
system while minimizing control system errors. The offset,
corresponding to the electric lighting output at full power, is
set at night and requires no estimation under unstable condi-
tions. Tolerance for failure to meet illuminance targetsis de-
pendent on the nature of occupant’s visual tasks, on whether
the occupant can resort to other options (e.g., task lighting de-
feats energy-efficiency objectives but satisfies occupant require-
ments), on how frequently a deficiency occurs (e.g., isthe 2%
deficiency rate obtained by the prototype system acceptable?),
and on how severe the deficiency is (e.g. is 10% below Egesign
acceptable?). In addition, other confounding factors can con-
tribute to the occupant’ s acceptance of the control technology
(Boyce 1984). For example, the spatial distribution of day-
light within the room cavity influences the occupant’s percep-
tion of illuminance at the workplane. We have found that even
with the provision of adequate daylight at the workplane (elec-
tric lights off), occupants desired more light—on the order of
800-1400 Ix—perhaps to compensate for the darker surface
luminance levels in the back of the room produced by
sidelighting (Vine et al. 1998). Other studies have shown that
occupants with arelatively glare-free lighting environment are
satisfied with lower workplane illuminance levels than Egesign
(Hunt 1980). An occupant’s sense of autonomy and control
over their environment is also afactor in their level of satisfac-
tion with the lighting environment—provision of a meansto
adjust the controls can sometimes placate occupants. An as-
sessment of tolerance must be made by the lighting system
designer and conveyed to the installer. Building managers
should plan to make future adjustments in order to tailor the
system to individual preferences.
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In closed-loop proportional systems, the gain isusually set
with the person standing on a ladder adjusting a very small
potentiometer in the sensor housing, so that the total illumi-
nance, measured by a sensor(s) placed on the task worksurface,
meets the proper design level. Prior guidelines advise that this
adjustment be performed under “typical” daylight conditions,
when the daylight level islessthan the design illuminance leve,
when the fluorescent lighting is moderately dimmed (not at
minimum power), and when the daylight workplane illumi-
nanceis not unusually high relative to the photosensor signal.
We have assumed that there are no “hidden” algorithms em-
bedded in the photosensor or ballast controller by the manu-
facturer, such as a delayed response or an asymmetrical re-
sponse to impinging light (fast increase, slow decreasein dim-
ming). One may be able to ascertain whether such an algo-
rithm exists by observing the response time of fluorescent dim-
ming to changesin light (using a flashlight on the photosensor),
or by asking the manufacturer for more detailed specifications.

Given our observations of M for this private office located
in a built-up metropolitan area, we would advise that a closed-
loop proportional daylighting control system with an adjust-
ment option for gain be commissioned with the additional
guidelines given below. These guidelines are given for a
shielded photosensor with an exposed photodiode (i.e., no white
diffuser covered the photosensor)—photosensors of alternate
design would have its own unique sensitivity and response
characteristics. These guidelines are also given for windows
with venetian blinds in afully extended position, but they may
be applicable to other shading systems aswell. We present the
following guidelines with caution since they are based on a
single, albeit extensive, case study:

Commission the system during the day when thereis no
direct sun in the room and when workplane illuminance
levelsare at least 100 Ix. Eliminate any high-reflectance
surfaces within the photosensor’ s field of view that are
temporary; the photosensor’s field of view should see a
typical interior environment.

Commission the system during stable daylighting condi-
tions (clear sunny days or overcast days). Partly cloudy
conditions produce significant variationsin daylight on a
minute-to-minute basis, making it difficult to assess per-
formance.

Determine if the sensitivity range of the photosensor is
exceeded. Check manufacturer’s specifications or mea-
sure interior illuminance levelsto determineif light levels
are within the photosensor’s sensitivity range or Egesign
If 0, reduce daylight levels (by adjusting the blinds) and
check to seeif there is any response from the fluorescent
lighting. If none, the photosensor’ s range may be exceeded.
If windows are large and/or have high transmission glaz-
ing, the blinds can be completely shut against direct sun
while the photosensor range may still be exceeded. Re-
turn and commission the system under less bright condi-
tions.



Determine the range in the gain for agiven time of day by
adjusting the venetian blind over itsfull range of tilt angles
and noting the range of potentiometer adjustments.” The
blind should be extended to cover the full height of the
window. Positiontheblind angleat 15° increments to cap-
ture the full range of variation; two or three angles may
not capture the full range. Avoid blind angles that admit
direct sun. If more than one blind, position all blinds to
the same angle. Thistask may be very difficult to accom-
plishif the gain adjustment on the photosensor is difficult
to reach or to determine relative position. If thisistoo
time-consuming, position the blind to a 20-45 tilt angle
(view of the ground from the interior) and note the gain
position. Assume that thiswill yield the lower sensitivity
limit for the gain.

If commissioning will be performed once, use the follow-
ing guidelines to determine if the gain or gain range is
high (sensitive) or low (insensitive) relative to the par-
ticular solar conditions and time of year when the com-
missioning is being performed. Though improbable, if
settings will be checked later, note the range, then return
and recheck the range under different daylighting condi-
tionsto determine if the gain setting is adequately conser-
vative.

Determine whether thisrange is low or high relative to
variable solar conditions. Under clear sunny weather, @)
if the sun is normal to the plane of the window and the
lighting distribution from the front to the back of the light-
ing zone is more than 3:1, assume that the gain or gain
rangeislow, b) if the sun is normal to the plane of the
window and the lighting distribution from the front to the
back of the roomislessthan 3:1, assume that the gain or
gain range is moderate, and c) if the sunis at avery ob-
lique angle and in the plane of the window, assume that
thegain or gainrangeislow. If thesunisout of the plane
of thewindow or conditions are overcast, assume that the
gain or gain range may be low (—diffuse interior lighting
conditions contributed to more variation in the gain, so
hereit is difficult to generaize).

Determine whether thisrange islow or high relative to the
time of year. If the system is commissioned during the
summer, the gain may be low (conservative); if winter,
the gain may be moderate to high.

Make the final adjustment to the gain according to the
expected level of tolerance. A low setting will reduce oc-
cupant complaints but reduce potential energy savings. A
moderate setting may result in some complaints from the
occupants. Avoid high settings.

7 In Rubinstein et al. 1997, the authors noted that precise adjust-
ment of the potentiometer may be difficult if not impossible, since
the potentiometer may be overly sensitive in the range of interest.
Sensors should include both a coarse and fine adjustment to allow
efficient calibration regardless of light level.
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Conclusions

Reliable daylighting control system performance relies on
key correlations between the daylighting system hardware and
the interior illuminated environment. Significant deviations
of actual data from the fitted correlation between the
photosensor signal and daylight illuminance were identified as
amagjor cause of control failure to provide sufficient illumina-
tion at the workplane.

Observations of the relationship between photosensor sig-
nal and daylight workplane illuminance were made for a spe-
cific case study. For agiven solar position, the pattern of varia-
tion in the daylight correlation coefficient asthe blind tilt angle
was varied was found to be consistent under both direct and
diffuse lighting conditions. Other patterns of variation with
time of day or under diffuse or direct sun conditions given a
constant blind angle were not consistent and were difficult to
generalize upon given the limited data. Thecausefor the varia-
tion was attributed to the spatial distribution of daylight within
the room interior. However, we were unable to definitively
link the degree of deviation from the fitted correlation coeffi-
cient to specific asymmetric or uniform illuminance distribu-
tions, given only 12 discrete illuminance datapoints.

An evaluation of the prototype daylighting control system’'s
ability to meet performance objectives over the course of year
was made using middle-of-the-road correlation coefficients and
a prototype daylighting control system design. This perfor-
mance was very good. Monitored workplane illuminance lev-
elsdid not fall below 90% of the design level for 98% of the
year, and if it did, discrepancies occurred an average of only
13 min per day within a12-hr day. This performanceisunfor-
tunately not typical of daylighting control systems available
today because most applications are not properly commissioned
and commercially-avail able closed-loop proportional control
systems combine the slopes from the electric lighting and
daylighting correlationsinto asingle “gain” parameter, forc-
ing interdependency between two distinctly different relation-
ships.

The installer typically does not have the time or access to
the data that were gathered in this year-long study. Yet, the
installer is expected to set the gain to an “average” dopewithin
a short period to achieve minimum occupant dissatisfaction
and maximum lighting energy savings throughout the year. We
used our detailed observations of the gain’s variation patterns
to produce practical commissioning guidelines. These general
guidelines may enable theinstaller to better estimate the yearly
average slope, but are presented with caution, given that thisis
a specific case study. Varying the venetian blind angle to as-
sess the range of the gain variation during commissioning would
enable installers to reduce the potential guesswork in deter-
mining a conservative but energy-efficient setting. Clearly,
when commissioning a daylighting control system, we should
not discount the impact of the fenestration system on control
performance, since variationsin the spatial distribution of day-
light produced by the window is the primary cause of unreli-



able control performance. Additiona field or simulation work
will be required to determine if the trends noted here can be
generalized or applied to different room shapes, open plan of-
fices, window types, and lighting controls. Ultimately, we ex-
pect to provide a simulation tool that will allow a designer or
manufacturer to explore these photocell control effectsin a
virtual space, then provide areliable cost-effective solution.

We believe that the prototype daylighting control system
that we designed and tested in this study significantly improved
upon conventional daylighting control system performance,
even though it too was subject to the same deviations from the
fitted daylight-to-photosensor correlation. This modified
closed-loop proportiona control system, unlike commercially-
available systems, separated the electric lighting contribution
to workplane illuminance from the daylighting contribution at
no added cost. A system that meets design illuminance re-
quirements for 91% of the year—with realized lighting energy
savings—may increase acceptability and cost-effectiveness of
daylighting controls.
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Discussion

The authors have provided an important extension to the
general understanding of photoelectric controlsin daylighted
spaces with valuable information related to the performance
of these systems in spaces with venetian blinds. Thisinforma-
tion isvital to manufacturers, designers, and end-users of this
equipment because daylight is often controlled in this manner.
To provide further clarification and understanding to thiswork,
I have the following comments and questions for the authors.

1. The authors description of photocell performance and
output signal was based on illuminance readings of 0 to 2000
Ix for daylight and O to 500 Ix for daylight. Were these read-
ings taken at the plane of the photocell (and if so, what were
the directional characteristics of the incident light), or were
they taken at the workplane in the test room?

2. Based on the research conducted by Mistrick &
Thongtipaya, a photocell controlling an indirect lighting sys-
tem appeared to be the most difficult to properly coordinate to



maintain atarget illuminance level. Based on information pro-
vided in this paper, this could be due to the fact that the value
of M for electric light deviates more from the value of M for
daylight for indirect lighting than for direct lighting systems.
If true, the new control approach proposed by the authors (of
separating out the daylight signal) would be more beneficial in
a space with indirect lighting, but should have no negative
impact on system performance when used with a direct light-
ing system. It would beinteresting to determine what level of
benefit is provided for direct lighting systems.

3. The genera agreement between the rear wall photosensor
and the average workplane illuminance (for blind anglesin the
range of -20° to 60°) confirms previous work indicating that a
rear wall position is viable for locating a photosensor. Also,
the manufacturer of the photosensor used in this study recom-
mends directing the sensor toward the rear wall of the room.
This approach may also be a reasonable approach, but was
apparently not tested in this study. The values of M provided
for electric lighting and for daylight for these locations would
also be of interest.

4. Thefindingsthat M islow in the summer and highin the
winter agree with results obtained through computer analysis
for clear window conditions (Choi and Mistrick, 1998). Leeet
al. have extended this to blind conditions and solar elevation
azimuth angle (azimuth angle of the sun from the window nor-
mal), which is a valuable contribution.

5. The authors' general guidelines for commissioning a
daylighting control system appear to be quite reasonable. Do
the authors see any advantage in marking the minimum and
maximum gain setting on a photosensor control during com-
missioning for possible future reference and fine tuning/ad-
justment? This would provide arecord of conditions studied at
the time of commissioning and may provide a suggested range
for future adjustments.

6. This paper addresses the importance of control algo-
rithms, sensing ranges, adjustment limitations, etc. of photo-
electric control products. At present, much of thisinformation
isnot part of the manufacturer’ sliterature. Do the authors agree
that a standardized product performance report is needed to
better evaluate and compare these products?

Richard Mistrick
Pennsylvania State University

I commend the authors for delving into the compl exities of
the relationship between photcell performance and fenestra-
tion. The paucity of information on this relationship has cer-
tainly contributed to the variable performance and lack of real-
ized savings for photocell controls and retarded the infiltration
of thistechnology into standard practice.

Asischaracteristic for LBNL, the wealth of data reported
is substantial, thorough, and rich with future research ideas.
The graphs of M versus blind angle are especially intriguing.
Overall, the analysis of the datais careful and thoughtful.
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However it does not seem to take into consideration the poten-
tial difference in spectral response between the Li-Cor sensors
at the workplane and the photodiode ceiling sensor. Li-Cor
sensors have a spectral response curve that is very closdly corre-
lated with the CIE photopic response curve; but photodiodes
used for electric lighting control are usually less well corre-
lated. They may peak at the same frequency, but have are-
sponse function that is much broader than the CIE curve. Thus,
they may respond differently to light sources that have similar
spectral characteristics (for example, electric versus daylight
or sunlight versus sky light). If the Li-Cor sensors and the
photodiode do indeed have different sensitivities across the
visible spectrum, this could contribute to variationsin M as
the mix of light sources varies. The authors have not addressed
thisin the paper and have attributed the variationsin M prima-
rily to differencesin luminance distribution within the room.

Finally, | applaud the authors for concluding the paper with
recommended commissioning guidelines. This endeavor of
directly applying research results toward commercial field in-
stallations increases the speed of technology transfer of valu-
able research information. However, | have concerns that the
level of complexity in the calibration procedure being recom-
mended by this paper would further burden the measure cost
effectiveness. | would like to see improvements to current
commercial products that would alow for the increased com-
plexity while minimizing the commissioning expense. For
example, the recommendations for testing calibration at ava-
riety of angles strongly indicates the need for dip switches or
marks on the gain setting to alow the commissioning agent to
return to a previous setting (already available on afew com-
mercial products). And further, as the commissioning com-
plexity expands it suggests the need for product with a self
learning commissioning mode similar to occupancy sensors
currently on the market. This photocell learning mode might
be set up for aperiod of time (the duration of the commission-
ing procedure or potentially awhole work week) to take input
from a desk mounted photocell and “learn” how to maintain
the target illumination level over avariety of conditions.

Barbara Erwine
Lighting Design Lab

The authors have studied the very common application of
Venetian blinds and their effect on our ability to sense daylight
in an office environment. Thisisavery difficult task, and the
authors need to be complimented on ajob well done and well
presented. | have the following questions:

Figures 3 and 5 show the relationship between the
photosensor signal and workplane illuminance for fluorescent
lighting and daylight, respectively. The correlation coefficients,
M, are shown for each case, with values of 545 Ix/V and 197
IX/V, respectively. What is the reason for the large difference
in these correlation coefficients between different light sources?

Severd of thefigures, collectively numbered Figure 7, show



the variation in M, the ratio of workplace illuminance to
photosensor signal, as a function of time and weather. Also
shown is ameasure of the character of the daylight, Ego/Eqit-
It is also stated in the text that M grows much larger than the
197 Ix/V, given as the correlation coefficient, when daylight is
strongly diffuse. This does not seem to be supported by the
values of Eg|o/Egif shown in the Figures, if | understand them
correctly. Could the authors comments please.

Figures 8-10 indicate that workplane illuminance varies
greatly with changing blind angle. Do the authors have afedl-
ing for how much of thisvariation is aresult of the particular
photosensor that was used, and how much isinherent to Vene-
tian blinds? Why isthe 15° blind angle worse that either 0° or
45° with regard to variation in M? Do the authors recommend
the use of Venetian blinds with daylight control systems, or
would some other types of blinds be more suitable?

Findly, could the authors explain what they mean by “closed
loop proportional” feedback, and why they think such systems
arenot available. | am confused because | have always thought
that the Lutron Electronics system (viz. microWATT) fitsthe
description for a closed loop proportional system as defined
by Rubinstein et al. in the cited 1989 publication.

Pekka Hakkar ainen
Lutron Electronics Co., Inc.

| represented EPRI on the review board for this project on
NUMErous occasions, so this research is not new tome. Itis
tempting to say “Nice Job” and leave it at that, but | think that
afew more comments could be useful.

| feel that this research shows a careful analysis of com-
plex data, that is rather site specific. The paper correctly points
out that few (if any) non-research installations could come close
to the detailed control and analysis necessary to achieve simi-
lar results. The commissioning instructions are awelcome re-
sult of thisresearch, but they are too complicated to be useful
except to other researchers or perhaps to manufacturerstrying
to commercialize asystem design. Do you anticipate that your
research will lead to simplified, practical methods to automate
avenetian blind system?

Would you recommend this type of venetian blind control
for any other users? Do you know if GSA, one of the research
sponsors, plans to use automated blind systemsin their build-
ings?

Larry Ayers, L.C.
Lighting Specialist
EPRI Lighting Information Office

| would like to thank the authors for conducting a study
that has direct impacts on daylighting applicationsin real build-
ings. The authors should be commended for setting up avery
comprehensive methodology to investigate the impact of ve-
netian blind angle on the performance of a closed-loop day-
light-linked lighting control system. | have the following com-
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ments and questions:

A lighting control system should be commissioned based
on it’s control agorithms. The authors should specify that the
suggested commissioning guidelines apply to closed-loop sys-
tems only. Commissioning procedures for open-loop systems
are very different.

The photosensor “responds’ to the illuminance distribution
in the zone it controls rather than to a test-point illuminance.
What distribution would we expect for M ratio for different
test points of the office? In other words, what would the re-
sults beif the average workplane illuminance was not selected
as a performance indicator?

Some details need to be provided related to the automation
of the blind movement. For example, how long was the dura-
tion of the test where different blind tilt angles were investi-
gated for “fixed” sun angles?

Once the commissioning is completed to optimize a sys-
tem combined with blind control, does that mean that the sys-
tem is also optimized when all blinds are “retracted” to the top
of the window?

Finally, the authors had to deal with a problem with many
variables such astilt angle, sun position, sensor response, com-
missioning procedures, illuminance. Thewriting of the article
should be organized and improved by clearly stating the ob-
jectives of the article, and summarizing results in the conclu-
sion. The conclusion in the article did not specify the impact
of the blinds on the daylight photoelectric control performance.
It isalso difficult to provide commissioning guidelines based
on asmall office case study. When given, they should bein a
sequential process.

Morad R. Atif
National Research Council Canada

Author’s Response

To R.G. Mistrick

The output signal of the photosensor was related to the av-
erage workplane illuminance measured by four sensors at
workplane height. The bidirectional response characteristics
of the photosensors were not measured. Results from
Rubinstein et al. 1989 show the same significant differencein
slope between the photosensor’ s response to electric light ver-
sus daylight with recessed lighting fixtures. In addition, we
would expect the same level of benefit for direct or indirect
lighting systems since the fitted slope and r2 values for the
south-facing window with horizontal blinds, given in Mistrick
and Thongtipaya 1996, were nearly the same between the fix-
ture types for the photosensor located at the lower plane of the
light fixture towards the rear of the room.

While Dr. Mistrick and others did show good correlation to
rear-wall photosensors, we did not show data directly relating
the workplane illuminance to the photosensor signal mounted
on the rear wall. Window luminance data were collected with
ashielded Li-Cor sensor mounted at the rear (see Figure 10),



but correlation to these data would not be useful for typical
daylighting applications.

Dr. Mistrick has quite correctly pointed out our omission
in referencing previous work. We have now included Choi and
Mistrick 1997 in our references. With this body of research,
we hope that manufacturers will continue to develop their hard-
ware, software, and supporting documentation to increase
daylighting controls, usability and reliability.

To B. Erwine

B. Erwine raises two very relevant issues. With respect to
the spectral response differences between the Li-Cor and pho-
todiode, the parameter M was characterized for daylight only,
so no error was introduced with the mixing of the two spec-
trally-dissimilar light sources. The significant variationsin M
are thus attributed to variations in the room’ s luminance distri-
bution. And for our prototype control system, we separate the
fluorescent and daylighting illuminance contributions to within
+15Ix, using data collected independently from the photodiode.
With commercial systems, the mix of sources may indeed con-
tribute to error in performance.

In retrospect, the additional commissioning guidelines do
appear to be complex and time-consuming. In our tests, we
devel oped self-calibrating algorithms to automatically check
our correlations on amonthly basis. These can be embedded
in existing commercial systems to reduce costs associated with
tuning the system.

To P. Hakkarainen

The large difference in the correlation coefficients for day-
light and electric light can be attributed primarily to the
photosensor’ s response to the spatial distribution of window
sidelighting versus electric toplighting, and secondarily to the
spectral characteristics of the two light sources. In Rubinstein
et al. 1989 (Table 6-1), these same large differences are noted
for avariety of photosensor, window, and room configurations.

In Figure 7d from 8:00 to 9:30 and Figure 7f from 8:00 to
11:00, the ratio of Eg|o/Egif is greater than 4, indicating bright
sunny outdoor conditions. Theinterior daylight conditions, as
modified by the venetian blind, were either strongly diffuse or
had direct sun, causing the photosensor signal to exceed 10V.
Thiswas clarified in the text.

The venetian blind, or any other commercially-available
operable shading device, will modify the spatial distribution
of daylight within a space. For a specific solar condition, the
amount of variation in this distribution will depend on the op-
tical properties of the shading device (i.e. how does it transmit,
reflect, and scatter incident light?) and its operational degrees
of freedom. For example, asimple pull-down shade made out
of alight-diffusing fabric and deployed only in the full-ex-
tended position will produce no variation in M as afunction of
a specific solar condition. Variationin M asafunction of time
of day and season would aso probably be less, particularly for
north-facing windows. The design of this exposed-photodiode
sensor may contribute to greater variability than the Lutron
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microPS, which employs an unshielded hemispherical diffuser,
if positioned towards the rear of the room. If the unshielded
sensor isinfluenced by stray light from the window, variability
may be comparable between the two sensor designs. The Lutron
sensor can be called a closed-loop proportional system, de-
pending onit’suse. It would be worthwhile to investigate these
parameters further.

To L. Ayers

L. Ayers haslong been athoughtful and valuable contribu-
tor to this multi-year research project; we have been lucky to
have his continued participation. The broader goal of our re-
search has been to devel op advanced integrated technological
solutions using common, commercially-available envel ope and
lighting components to achieve greater energy-efficiency and
improved comfort in commercia buildings. This research has
resulted in awell-tested, proven automated venetian blind/light-
ing system that is market ready (Lee et a. 1998a). We have
had on-going discussions with the U.S. General Services Ad-
ministration to conduct a long-term evaluation of this system
in alimited number of offices. However, GSA is not planning
to use this system at present in their building.

To M. Atif

We characterized the variation in M for the rear area of a
single-zone private office, atypical and recommended
photosensor location. F. Rubinstein (1989) measured the dis-
tribution in M given avariety of parameters, including a semi-
infinite room, and fully-retracted venetian blind with an out-
door reduced-scale model. Mistrick and Thongtipaya (1997)
and Choi and Mistrick (1997) showed the distribution in the
gain for various parameters as well, including photosensor |o-
cation, using the Radiance simulation program. Using these
other sources, we can broaden the characterization of M to other
envelope and lighting configurations. As M. Atif notes, this
research clearly raises more questions than it fully answers.
We believe that fundamental improvements to the reliable per-
formance of daylighting control systemswill require basic hard-
ware and algorithmic changes (e.g., change from PID to adap-
tive fuzzy logic?) to compensate for the numerous and con-
founding factors found in typical building applications.

Appendix

Lighting Power Correlation

The relationship between input power to the ballasts and
the average workplane illuminance (electric lighting only) over
the full electric lighting dimming range was determined after
operating the newly installed lamps for 100 hr 1) during day-
light hours, by measuring the workplane illuminance with day-
light only, then measuring electric and daylight workplaneil-
luminance during stable daylight periods, and 2) during night
hours by turning on the lights from off to full power for 30 min
to alow for lamp temperature stability, then reducing power
by 10% at 10 min intervals.

The correlation was performed in February 1996. The qua-



dratic fit (r2=0.999), defined by equation (2) above, estimated
the measured workplane illuminance to within -6 to +7 Ix over
the full power range. In typical practice, daylighting control
systems are rarely commissioned again within ayear or more,
so thisinitial correlation was used throughout the test period
without further modification.

The correlation was checked periodically using the night-
time calibration method to determine stability over time. Lu-
men depreciation, dirt, and equipment drift can contribute to
degradation of theinitial correlation’s accuracy. Over the course
of three months of daytime operation with on/off switching
from 0% to 30% power and with continuous dimming, theini-
tial correlation fit estimated the measured workplane illumi-
nance appreciably well in both rooms: to within +3 to -51 Ix
over the full power range. After twelve months, lumen depre-
ciation caused theinitia fit to estimate the measured workplane
illuminance to within -5 to 30 Ix in the 90-270 W range, and 0
to 15 Ix in the 0-90 W range, on average 5.5+7 Ix.

If the fluorescent tubes are turned off and allowed to cool
down, significant reduction of light output occurs as expected
upon restarting the lamps: light output within the first 2 minis
75-84% of full light output, and reaches 95% within 4-5 min.
At 10-12 min, the lamps reach 99-100% of full light output.
These transitory effects were not included in the above esti-
mates of error (if included, the fit overestimated the illumi-
nance by 30-123 Ix after 12 months of operation, if the lamps
were turned on to 100% power from a cooled down state, which
never occurred with this control system). The on/off option of
the control algorithm cycled the fluorescent lights between 0%
and 30% power (50-60 Ix). The degradation in light output at
this end of the power range was 10 Ix. This behavior can con-
tribute in part to the deficit in the measured workplane illumi-
nance.

Electric Lighting Illuminance Correlation

A linear correlation between the ceiling-mounted
photosensor signal and the average electric lighting workplane
illuminance over the entire electric lighting dimming range was
also determined (equation 1 above). The same daytime and
nighttime procedures were used. Dataindicate a stablerela-
tionship over ayear’s operation: the initial fit estimated the
measured workplane illuminance to within -1 to -36 Ix, on av-
erage -17.6x10.2 Ix. The photosensor is fairly robust, so no
drift is expected over time. The sensor is temperature depen-
dent, but space conditions were kept within afairly tight range
of +1°C by the monitored mechanical system.
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